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ABSTRACT
We present the Pre-Main-Sequence (PMS) evolutionary tracks of stars with      
  
 
. The models were evolved from the PMS stellar birthline to the onset of
hydrogen burning in the core. The convective turnover timescales which enables an
observational test of theoretical model, particulary in the stellar dynamic activity, are
also calculated. All models have Sun-like metal abundances, typically considered as
the stars in the Galactic disk and the star formation region of Population I star. The
convection phenomenon is treated by the usual mixing length approximation. All
evolutionary tracks are available upon request.
Keywords: star, pre-main sequence star, evolution track, convective turnover timescale
1. INTRODUCTION
Young Stellar Objects (YSOs), mainly observed in the star formation regions, are the PMS
stars located in the evolutionary stages from protostar to Zero-Age Main Sequence (ZAMS). Recent
observations reveal that YSOs are the key to understand star forming regions because of their out-
rageous levels of X-ray activity (Feigelson et al. 1993, Casanova et al. 1995, Preibisch et al. 1996).
These strong X-ray sources not only photoionize surrounding materials, also have an effect on inter-
action between ionized materials and magnetic fields. Moreover, apparently cool dwarf stars have
more intensive X-ray emission.
Theoretically, these important characteristics of YSOs are thought to be connected directly to
the stellar dynamic action, since the interaction between rotation and convection is widely consid-
ered as the important characteristics of the generation of stellar dynamics and the observed stellar
magnetic activities. This is firstly supposed by Durney & Latour (1978) and tested by the number
of researchers (Mangeney & Praderie 1984, Hartmann et al. 1984). In this hypothesis, the most
significant concept is the Rossby number, defined as the ratio of the rotation period to the local con-
vective turnover time. In the dynamo mechanism, the dynamic action is placed at the base of the
convection region, just above the radiative layers. It makes the convective turnover timescale to the
most relevant property in the evaluation of Rossby number.
The purpose of this paper is to provide the dynamic and thermal parameters of the PMS evolution
tracks of stars with mass range of     to   
 
. For the implication of observational test, the local
and global convective overturn timescales, which can be served as an input parameter of Rossby
number circulation, are also computed. All models assume to have solar-like metal abundances. The
convection is handled by the mixing length approximation in usual way.
1
2 JUNG & KIM
2. INPUT PHYSICS AND MODELING
The evolutionary tracks of PMS stars have been constructed by using Yale Stellar Evolution
Code (Guenther et al. 1992, Guenther & Demarque 1997) with realistic physics. The opacities of
Alexander & Ferguson (1994) at low temperatures and the OPAL Rosseland opacities at higher
temperatures (Iglesias & Rogers 2001) are used. The equation of state is the OPAL equation of state
(Iglesias & Rogers 1996). The energy generation rate is taken from Bahcall & Pinsonneault (1992)
and the helium diffusion value is obtained from Thoul et al. (1994). Eddington   relation is used
in the atmosphere.
In the stellar model, the atmospheric regions are assumed to be grey. In the convectively un-
stable regions, the thermal structure is derived by the mixing length approximation (MLT). Since
the computation contains the helium diffusion, the initial hydrogen abundance is different from the
evolved model.
In the MLT, mixing length is assumed to be proportional to the local pressure scale height. As
we mainly focused on the stars, typically formed in the Population I formation region, the PMS
model is supposed to have the same metal abundance of the Sun. The initial hydrogen and metal
abundance as well as mixing length are derived by fitting the values of luminosity, radius, and 
(=0.0244; Grevesse et al. 1996) of the stellar models, to the observed solar values. The adopted
values are  	
   
   	
      	. These values are then applied to all PMS
models.
Operationally, all models in our evolutions are started off from the stellar birthline, where stars
initially become visible objects (Palla & Stahler 1993). The stars are assumed to be spherically
symmetric, and not affected by any influence of rotation or magnetic fields. The initial models con-
structed from the polytropic models are located in the invisible region of the H-R diagram. Because
they are quite different from the real stellar model in their thermal structures, a relaxation process
is required. This process is carried out by YREC. The resulting models are then evolved down
along their Hayashi lines until they fulfills the mass-radius relationship, proposed by Palla & Stahler
(1991). These PMS evolutionary computations are physically self-consistent (cf. Yi et al. 2001).
Since our evolutionary models, which have different ages and different mass, are assumed to
have same mixing ratio, the convective turnover time computed by the stellar model may be not fully
correct. However, studies of convective motions with numerical methods verify that the MLT is still
adequate in the deep convection zone where the temperature gradient is almost adiabatic (Kim et
al. 1996). As the convective turnover timescale is measured near the base of convection zone, where
the temperature gradient is fully adiabatic, our assumption and computation are probably reasonable.
3. RESULTS
The evolutionary track is computed using an iteration method for the evolution of the star, which
yields some initial relaxation period of adjustment during early evolutionary phase. To avoid this
uncertain stage, we present only the     Myr and on. The terminating point of the PMS phase
is chosen where the MS stars obtain most of their luminosity from the nuclear burning process. The
stars whose mass is greater than   
 
are thought to have some non-negligible nuclear burning
process just before they settle in the MS, since they have the unstable convective core and some
portion of energy is generated by the CN burning in the PMS. By considering these properties, we
select the terminating points of these large mass stars as the points that the energy generated by the
gravity has the lowest value for the first time.
Figure 1 presents the H-R diagram of all computed PMS stars. For convenience, the reference
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Figure 1. The evolutionary tracks of theoretical PMS stars.
stars with different line type are marked. The first position of each track is uncertain, since it depends
on the choice of the first time step of each evolution. The evolutionary sequences are begun from the
stellar birthline and then evolved along the Hayashi track before they reach the ZAMS. As shown in
Figure 1, stars with different mass experience quite distinct PMS evolutionary stages. It is originated
from the different magnitude of the gravitational contraction. The timescale of the stellar evolution
is mainly relied on the mass of the star. The more mass presents, the faster is the evolution of the
star through the fuel consuming processes.
The PMS stage is characterized by the gravitational contraction. During the evolution stage of
the protostar, with the hydrostatic equilibrium, the stellar radius is decreased by the gravitational
contraction. This accreting protostar heats up in its interior. The increase of the central temperature
Tc yields the ionization of materials in the core that the central core becomes opaque. It builds
the temperature gradient in the interior, to transport the contraction energy outward. Consequently
the central convection is set on. As the protostar evolves, the core convection is expanded to the
envelope.
The stars    
 
, originated from the low mass protostars, are fully convective when they
arrive at the stellar birth line (the top of the Hayashi line). These fully convective objects contract
continuously until Tc is an order of  K. On the condition of the contraction combined with the
convection, the luminosity is rapidly decreased, while the effective temperature T eff is a roughly
constant. It is compensated with the transfer downward along the nearly vertical path known as the
Hayashi track. At the Tc of about  K, the full ionization of H in the core decreases the central
opacity. Simultaneously, all the  C begin to burn into N, and the first reaction of 

 chain become
relevant. Thus, the portion of the energy transport by radiation gradually excesses the contraction
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energy, which slows down the rate of contraction. This is appeared in Figure 1 as the increasing
luminosity and increasing Teff. Subsequently, with the depletion of  C in the central region, the
convective core is disappeared and the evolution is dominated by radiative transport, a phase which
continues until Tc reaches about  K. At that point, ordinary hydrogen ignites at the centre and
gradually outward. For the stars     
 
, because the radiative core grows to include the most
of stellar mass (i.e. Virial Theorem), the luminosity does not rise appreciably before they reach
the MS. Note that the star, which has lower mass than the critical mass    
 
, never reaches the
central nuclear burning phase, since the central temperature is not sufficient to ignite the hydrogen.
The massive stars evolve faster, because of their strong gravitational contraction that results
in the higher central temperature. Therefore, by the time they appear in the stellar birth line, their
central regions are already developed to the radiative cores. They also contract continuously until the
central hydrogen burns. In contrast to the low mass star, however, the strong contraction makes the
central temperature of massive stars approach to about  K quickly. This is the reason why the more
massive star leaves the Hayashi track more rapidly. In addition, as the radiative energy formed in the
core exceeds the gravitational energy, the envelope convection is diminished, and finally disappeared.
After this detachment, the principal source of opacity during the later contraction is now the electron
scattering. Since this type of opacity is independent of temperature and density, the luminosity
along the PMS track remains roughly constant as the result of increased T eff. The central core is
transformed into the convective one, because the nuclear burning for the equilibrium of  C depletion
is governed by the CNO cycle instead of the 

 chain.
Table 1 summarized the detailed characteristics of theoretical PMS models with several physical
quantities at fixed ages from the      Myr to the terminating point of each PMS star. This
table also can be used to derive isochrones, but more complete evolutionary data are available for
the astronomers upon request. The columns are mostly self-explanatory. Columns (5) in the first
row gives the gravitational acceleration. The Yc is the helium abundance in the central core. The
energy generation rates by PP1 cycle and gravity are provided at Columns (7) and (8), respectively.
The absences of global and local convective turnover times in Columns (10) and (11) mean that no
convection in the envelope was driven.
To describe the characteristics of surface convection, the two parameters, local and global
turnover time, have been computed. The local convective turnover timescale, used to explain the
convective overturn, was calculated at each time step. The time scale was estimated based on the
local convective velocity at a distance of a half the mixing length above the base of the convection
region (Gilliland 1986). The nonlocal (or global) convective turnover time was also derived at each














is the location of the bottom of the surface convection region, 

is the total radius of
the stellar model, and  is the local convective velocity (Kim & Demarque 1996). If the MLT
describes the deep convection phenomenon with reasonable implementation, these two timescales
have identical results except for some scaling factor.
The evolutions of global and local timescale are shown in Figure 2. In the PMS phase, the
thermal equilibrium between the contraction and the central pressure modifies the thermal structure
within the Kelvin-Helmholtz time. It causes the rapid change of both convective time. Moreover,
the timescales of massive stars are less than that of low mass stars, because they have more shallow
envelope convection regions. At the Teff of about 4000K encountered during the early contraction,
the absorption by the H that releases the free electron increases the opacity of the photospheric
layer. It brings about the swell of stellar radius which, in turn, affects on the turnover time. This is




































































Figure 2. The global (or nonlocal) and local convective time scale vs age for some reference stars. Both time
scales are nearly constant in the vicinity of the main sequence for a given mass. The local value is almost same
with the one-half of the global value.
the reason that intermediate mass stars experience the increase of the convective turnover time in the
early PMS stage. As the amount of the H in the envelope decreases, stars start to contract again and
the corresponding overturn time is also diminished. For the star which has the convective envelope
in near the main sequence, both time scales remain almost constant and may be a function of mass.
Since MS stars do not change their thermal structures before the end of their long phase of central
hydrogen burning.
The different PMS evolutionary tracks are constructed by D’Antona & Mazzitelli (1994) with
different evolution code and input physics. In particular, they examine the effect of the convection
treatment between the MLT and the semi-analytical turbulent convection model proposed by Canuto
& Mazzitelli (CM) (1991, 1992). Form their approach, it is found that T eff values are dependent on
the choice of the opacity and the convection treatment. According to this test, the best reasonable
model is the Alexander opacity and the CM set. However, considering the large uncertainties embed-
ded in the theoretical assumptions and the input physics, it is somewhat meaningless to determine
what model is more reasonable. Instead, the agreement between the model and the observation may
be a criterion to verify the usefulness of the model. The application of updated input physics and
physical parameters may also enhance the reliableness of the theoretical data. For our cases, based
on the most updated input physics and solar calibration, Yi et al. (2001) already testifies the validity
through the comparison with not only the observational globular cluster 47 Tuc also the open cluster
IC 2391 and Pleiades.
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4. SUMMARY
We computed the several evolution tracks of the pre-main sequence stars based on the up-to-date
input physics. With fixed age steps, the fundamental dynamic and thermal parameters are presented.
The metal abundance is assumed to be that of the Sun. Since the PMS stars are considered to
have the convection motion in their envelope, we also provide the two time scales, the global and
the local convective turnover timescales. These time scales can be applied to an observational test
of theoretical model. The full computed tracks of all PMS stars with more detailed thermal and
dynamic variables are also available upon request.
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Table 1. Evolutionary properties of PMS stars.
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Table 1. Continued
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Table 1. Continued
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Table 1. Continued
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Table 1. Continued
Age(Gyr) logTeff logL L R(cm) g cm s  Yc L(PP1) Lg Xenv  day 

 day
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Table 1. Continued
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Table 1. Continued
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Table 1. Continued
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Table 1. Continued
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Table 1. Continued
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Table 1. Continued
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Table 1. Continued
Age(Gyr) logTeff logL L R(cm) g cm s  Yc L(PP1) Lg Xenv  day 

 day
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Table 1. Continued
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Table 1. Continued
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Table 1. Continued
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